-dependent formation of Dha from phosphoserine (pSer), i.e., exhibit pSer lyase activity, a fundamentally new DNA-catalyzed reaction. Two new pSer lyase deoxyribozymes, named Dha-forming deoxyribozymes 1 and 2 (DhaDz1 and DhaDz2), each function with multiple turnover on the model hexapeptide substrate that was used during selection. Using DhaDz1, we generated Dha from pSer within an unrelated linear 13-mer peptide. Subsequent base-promoted intramolecular cyclization of homocysteine into Dha formed a stable cystathionine (thioether) analogue of the complement inhibitor compstatin. These findings establish the fundamental catalytic ability of DNA to eliminate phosphate from pSer to form Dha and suggest that with further development, pSer lyase deoxyribozymes will have broad practical utility for site-specific enzymatic synthesis of Dha from pSer in peptide substrates. N ature rarely forms electrophilic sites on peptides and proteins.
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ABSTRACT: Dehydroalanine (Dha) is a nonproteinogenic electrophilic amino acid that is a synthetic intermediate or product in the biosynthesis of several bioactive cyclic peptides such as lantibiotics, thiopeptides, and microcystins. Dha also enables labeling of proteins and synthesis of post-translationally modified proteins and their analogues. However, current chemical approaches to introducing Dha into peptides have substantial limitations. Using in vitro selection, here we show that DNA can catalyze Zn 2+ or Zn 2+ /Mn 2+ -dependent formation of Dha from phosphoserine (pSer), i.e., exhibit pSer lyase activity, a fundamentally new DNA-catalyzed reaction. Two new pSer lyase deoxyribozymes, named Dha-forming deoxyribozymes 1 and 2 (DhaDz1 and DhaDz2), each function with multiple turnover on the model hexapeptide substrate that was used during selection. Using DhaDz1, we generated Dha from pSer within an unrelated linear 13-mer peptide. Subsequent base-promoted intramolecular cyclization of homocysteine into Dha formed a stable cystathionine (thioether) analogue of the complement inhibitor compstatin. These findings establish the fundamental catalytic ability of DNA to eliminate phosphate from pSer to form Dha and suggest that with further development, pSer lyase deoxyribozymes will have broad practical utility for site-specific enzymatic synthesis of Dha from pSer in peptide substrates. N ature rarely forms electrophilic sites on peptides and proteins.
1 A notable exception is dehydroalanine (Dha), 2 formally created from serine (Ser) by net elimination of water ( Figure 1 ). 3 Dha and related functional groups are intermediates or products in the biosynthesis of a wide range of cyclic peptides, including lantibiotics, 4 thiopeptides, 5 microcystins, 6 and other natural products. 6 When introduced synthetically into a peptide or protein, Dha enables preparation of many valuable natural and artificial modifications, usually via thiol addition.
7 Dhacontaining peptides and proteins can be formed via basecatalyzed elimination of phosphate from pSer-containing substrates, e.g., by treatment with strong base (∼1 M hydroxide) for phosphoproteomics analysis. 8 However, such relatively harsh conditions lead to numerous side reactions and are not typically used to prepare Dha-containing products. Davis et al. have surveyed the use of various more sophisticated reagents for conversion of cysteine (Cys) to Dha, concluding that a bisalkylation-elimination strategy is optimal. 7,9 However, any In vitro selection of pSer lyase deoxyribozymes. DNAcatalyzed elimination of phosphate from the pSer residue in the DNAanchored peptide, forming Dha, is followed by DNA-splinted capture of Dha using a 5′-thiol oligonucleotide, which results in an upward PAGE shift for only the active DNA sequences. See Figure S1 for details, including depiction of the hexa(ethylene glycol) [HEG] tether connecting the DNA anchor to the peptide and validation of the capture reaction. The dashed loop on the left enables the selection process but is dispensable for catalysis.
Communication pubs.acs.org/JACS exposed Cys will react with such reagents, which therefore cannot readily be used when the newly created Dha is intended for subsequent cyclization with a second Cys residue. Without a gentle and general route available, one must resort to difficult or lengthy synthetic approaches to install Dha or to obviate its need. 7, 10 This is especially true considering that the Dha monomer for solid-phase peptide synthesis (SPPS) is, after nitrogen deprotection, a simple enamine that presents substantial difficulties for traditional SPPS, necessitating use of alternative Dha-related monomers.
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We envisioned enzymatic catalysis rather than reagent-based synthetic approaches to form Dha from a readily introduced precursor. The natural protein enzymes that create Dha residues proceed via an activated Ser intermediate, such as pSer 3 or glutamylated serine. 12 Lanthipeptides contain lanthionine or methyllanthionine rings, characterized by addition of Cys into either Dha or the analogous dehydrobutyrine (Dhb) that is obtained by dehydration of threonine (Thr). Biosynthesis of lanthipeptides involves enzyme-catalyzed elimination reactions. 13 However, these enzymes often require subsequently removed leader peptides on their substrates, and in general lanthipeptide dehydratases are not preparatively useful beyond their narrow natural sequence contexts.
14 We therefore targeted de novo identification of entirely new enzymes for formation of Dha residues. We chose pSer as the Dha precursor (Figure 1 ), noting that the standard Fmoc-pSer monomer for SPPS is commercially available. Any resulting deoxyribozymes will have pSer lyase activity, in analogy to natural formation of Dhb from pThr by phosphothreonine lyases. 15 Deoxyribozymes (DNA enzymes) are particular sequences of DNA that have catalytic activity, 16 analogous to protein enzymes as catalytic amino acid sequences. We and others identify deoxyribozymes using in vitro selection, 17 an approach first developed with ribozymes (RNA enzymes).
18 Deoxyribozymes have been identified to have many kinds of catalytic activity, with substrates that include other oligonucleotides, small molecules, and peptides. 19 Here, we sought to identify pSer lyase deoxyribozymes, i.e., DNA catalysts that specifically eliminate phosphate from pSer, forming Dha (Figure 1 ). We identified two new deoxyribozymes and found them to perform multiple turnovers with the model hexapeptide that was used during selection. We subsequently used DhaDz1 to prepare a stable cystathionine (thioether) analogue of the disulfide-cyclized compstatin. This compound is a 13-mer peptide inhibitor of complement activation that was previously made only after multistep organic synthesis of a thioether dipeptide precursor. 20 To perform in vitro selection for pSer lyase deoxyribozymes, we needed to develop a reliable "capture" reaction, 19f by which specific DNA sequences that convert pSer to Dha are physically separable from the vast majority of catalytically inactive sequences. This capture was achieved with a simple 5′-thiol oligonucleotide that reacts via Michael-type addition with Dha, increasing the mass of only the catalytic DNA sequences and enabling their separation (Figure 2 ). The capture yield was ∼40%, which was readily sufficient to enable the selection process. Using this strategy, in vitro selection was implemented using a DNA-anchored AAAS P AA model peptide (S P = pSer) that was attached via the DNA anchor's remote 5′-end to the deoxyribozyme pool, which included an N 40 region (40 random nucleotides). During each round's key selection step, incubation conditions were 70 mM HEPES, pH 7.5, 1 mM ZnCl 2 , 20 mM MnCl 2 , 40 mM MgCl 2 , and 150 mM NaCl at 37°C for 14 h. In many of our previous selection experiments, the ions Zn 2+ , Mn 2+ , Figure 3 , except with 6 mM Zn 2+ as optimized to accommodate the high DNA and peptide concentrations (100 μM DhaDz1, 4 mM peptide). (A) Malachite green assay for released inorganic phosphate. At each time point, n = 3 (± sd); "ctrl DNA" refers to an inactive negative control of arbitrary sequence. (B) LC-MS assay (TIC; ESI-MS of indicated peaks). The observed 18% yield is equivalent to 7.2 turnovers. The asterisks in the MS denote loss of ammonia from the peptide N-terminus. 23 and Mg 2+ were each effective deoxyribozyme cofactors, sometimes alone and sometimes in combination. Following the selection and capture steps, PAGE-separated sequences were amplified by PCR 21 and ligated to the DNA-anchored pSer peptide substrate for the next selection round.
DNA-catalyzed pSer lyase activity of the pool was 15% at round 9, which is relative to the maximum (control) capture yield of ∼40% ( Figure S2 ), and individual deoxyribozymes were cloned. In parallel, selection in 50 mM CHES, pH 9.0, 40 mM MgCl 2 , and 150 mM NaCl at 37°C showed no activity through round 10, and this second selection experiment was discontinued. This experiment was performed because the higher pH could have fostered more efficient phosphate elimination, but catalysis was not observed.
From the round 9 pool, two unrelated 76 nt deoxyribozymes were identified (see Supporting Information for sequences) and named DhaDz1 and DhaDz2, for Dha-forming deoxyribozymes 1 and 2. DhaDz1 catalyzed single-turnover Zn 2+ /Mn 2+ -dependent elimination of phosphate from DNA-anchored AAAS P AA in high yield when this substrate was not attached to the deoxyribozyme (Figure 3) . Although catalysis strictly required only Zn 2+ and Mn
2+
, optimal activity was observed only in the additional presence of Mg 2+ . DhaDz2 catalyzed the same elimination reaction, strictly requiring only Zn 2+ but with greater activity in the additional presence of Mn , k obs = 0.43 ± 0.07 h −1 (n = 3) with 68% yield. MALDI mass spectrometry validated the pSer lyase activities of DhaDz1 and DhaDz2. 22 For both DhaDz1 and DhaDz2, omitting the deoxyribozyme or using a random-sequence oligonucleotide led to no activity. Removal of the 18 nt fixed-sequence 5′-segment of DhaDz1 or DhaDz2 led to only ∼10% yield in 16 h in both cases. This finding suggests that during the selection process, some portion of the fixed-sequence 5′-segment was recruited for folding or catalysis. DhaDz1 and DhaDz2 do not function with a pThr substrate. Selections using pThr are underway.
DhaDz1 and DhaDz2 were assessed for multiple-turnover activity with the free (discrete; not DNA-anchored) model AAAS P AA peptide substrate. Each deoxyribozyme was assayed both by colorimetric detection of the released inorganic phosphate using malachite green dye ( Figure 4A ) and by LC-MS of the peptide mixture ( Figure 4B ). DhaDz1 achieved up to 6−7 turnovers in 96 h as determined by both assays. pSer lyase activity was observed only when the 19 nt fixed-sequence 3′-segment of DhaDz1 was part of a Watson−Crick duplex with the separate anchor oligonucleotide; either deletion of the 3′-segment or omission of the anchor led to no reaction (dye assay, 40:1 peptide:DhaDz1, <0.1 turnovers). DhaDz2 also showed multiple-turnover activity (4 turnovers in 96 h; Figure S3B ).
For practical utility, a pSer lyase deoxyribozyme must function with a realistic peptide substrate sequence, rather than the model peptide used during selection. Compstatin is a 13 amino acid cyclic peptide, identified by phage display, that inhibits the proteolytic activation of human complement component C3 and may have therapeutic value. 20, 24 Disulfide-containing cyclic peptides such as compstatin are stabilized by replacing the disulfide bond with a cystathionine bridge, i.e., −S−CH 2 − in place of −S−S−. This replacement is typically accompanied by minimal loss of bioactivity, 25 including for compstatin. 20 Here we used DhaDz1 to enable synthesis of a more stable cystathionine analogue of compstatin ( Figure 5A ). DhaDz1 was found to catalyze preparative-scale (nanomole) single-turnover formation of Dha within a compstatin-derived linear peptide precursor that includes pSer and homocysteine (Hcy) in place of the two Cys in the native sequence ( Figure 5B ). The linear Dha/Hcy intermediate was then efficiently cyclized by simple base treatment to the compstatin analogue in 70% two-step yield. Analysis of HPLC-purified intermediate and cyclic product after iodoacetamide treatment (to alkylate free cysteine thiol groups) by MALDI mass spectrometry confirmed their structures ( Figure  5C ). Because the cyclization step is not enzyme-catalyzed, both (R,S) and (S,S) diastereomers (i.e., epimers at the initially pSer residue) of the compstatin analogue are presumably formed. Formation of diastereomers upon thiol addition into Dha is wellrecognized and not an inherent impediment to a wide range of experiments that exploit the products of such a reaction. 7, 26 In summary, we used in vitro selection to identify DhaDz1 and DhaDz2, pSer lyase deoxyribozymes that eliminate phosphate from pSer in a peptide substrate to form Dha. This elimination is a fundamentally new DNA-catalyzed reaction, which expands the repertoire of reactions known to be catalyzed by DNA. A mechanistic understanding of how the DNA catalyzes the elimination process requires more detailed experiments, likely preceded by high-resolution structural information that is currently unavailable for any deoxyribozyme.
27 DhaDz1 was used to synthesize a Dha-containing linear peptide intermediate to a cystathionine analogue of compstatin, a cyclic inhibitor of complement activation. With further development of pSer and pThr lyase deoxyribozymes to improve the elimination rate and yield and to establish peptide sequence generality beyond compstatin, we anticipate that such DNA catalysts will be useful for enzymatically converting pSer/pThr residues in peptide substrates into the corresponding Dha/Dhb residues. This ability will enable a broad range of experiments in biological chemistry, both via study of natural products and their analogues as well as by site-specific labeling of peptides and proteins at specifically engineered electrophilic sites. pSer/pThr lyase deoxyribozymes may also find utility in phosphoproteomics experiments. 
